Background and Aims Ozone effects on peatland vegetation are poorly understood. Since stress responses are often first visible in cell ultrastructure, electron microscopy was used to assess the sensitivity of common peatland plants to elevated ozone concentrations.
I N T R O D U C T I O N
Ozone responses of natural vegetation have been mainly investigated by measuring growth or assessing visible injury (Reiling and Davison, 1992; Bergmann et al., 1995; Pleijel and Danielsson, 1997; Davison and Barnes, 1998; Franzaring et al., 2000; VanderHeyden et al., 2001; Power and Ashmore, 2002) . Results of these studies are rather variable, indicating different ozone responses between and within species and depending on exposure time (Davison and Barnes, 1998; Bergmann et al., 1999) . Microscope studies into ozone responses of wild plants are, except for forest trees, non-existent, even though microscopy could serve as an additional and sensitive tool in the assessment of plant responses to ozone. By means of electron microscopy, early stress responses can be observed in the cell structure before the first visible symptoms occur (Holopainen et al., 1992) .
Peatland plants have received little attention in ozone research, although it is well established that the vascular plants growing in moist habitats may have high ozone uptake because they can continuously maintain open stomata (Franzaring et al., 2000; Power and Ashmore, 2002) . As far as is known, this is the first report on ultrastructural responses of peatland plants to ozone. Peatlands are important ecosystems with regard to atmospheric greenhouse gas composition. They are long-term sinks of carbon dioxide (Gorham, 1991; Turunen et al., 2002) and significant sources of methane (Bartlett and Harriss, 1993) . Plants play a key role in the exchange of both of these gases; balance between photosynthesis and decomposition determines carbon sink strength, and plant physiology (e.g. root exudates as substrates for methane production) and anatomy (plant-mediated methane conduction through enlarged intercellular spaces, i.e. aerenchyma) strongly affect methane emission. Therefore, the adverse effects of ozone on peatland plants could indirectly influence greenhouse gas exchange in peatlands with possible feedbacks on atmospheric gas composition.
Previous results from a growth chamber experiment indicated that elevated ozone concentrations can increase ecosystem respiration and methane emission in peatland microcosms (Niemi et al., 2002a) . Sphagnum moss species, which often dominate the moss layer in boreal and subarctic peatlands and tundra, differ in ozone tolerance. Significant changes of chlorophyll content, membrane leakage, photosynthesis and growth have been observed, for example in S. magellanicum, S. rubellum, and in the species belonging to the Sphagnum recurvum complex (S. flexuosum, S. recurvum and S. angustifolium) (Gagnon and Karnosky, Annals of Botany 94/4, ª Annals of Botany Company 2004; all rights reserved 1992; Potter et al., 1996a, b; Niemi et al., 2002a) , whereas S. capillifolium, S. cuspidatum and S. papillosum have been reported to tolerate experimental ozone exposures with little injury (Potter et al., 1996b) . There are virtually no published data on the responses of vascular peatland plants to elevated ozone concentrations.
The main aim of this study was to assess measurable ozone responses in the ultrastructure of six common peatland plant species, and to compare the potential responses with those reported for other species. The chosen species represent functionally and structurally different plant groups: mosses (Sphagnum angustifolium, S. magellanicum and S. papillosum), dwarf shrubs (Vaccinium oxycoccus and Andromeda polifolia) and graminoids (Eriophorum vaginatum). The Sphagnum mosses have leaves that are one cell layer thick and lack both cuticle and stomata. Living chlorophyllose cells are located in between porose hyaline cells, which are often filled with water (van Breemen, 1995) . The leaves of the dwarf shrubs are evergreen, and have a thick cuticle and wax layer on the adaxial side and stomata only on the abaxial side (Jacquemart, 1997 (Jacquemart, , 1998 . The cross-section of the leaves shows a clear differentiation into upper palisade and lower spongy mesophyll layers. In deciduous E. vaginatum the leaves are triangular in cross-section, possess stomata on two of the sides of the triangle, and contain extensive aerenchyma (see Niemi et al., 2002b) . Evans et al. (1996) have suggested that high stomatal densities and high percentage of intercellular space among palisade mesophyll cells are associated with ozone sensitivity.
The following hypotheses were tested on vascular plants: (1) E. vaginatum is more sensitive to ozone than the dwarf shrubs; (2) in the hypostomatous leaves of the dwarf shrubs, ozone effects are more severe close to the stomata in the spongy mesophyll than in the palisade mesophyll, because open stomata are the main gateway for ozone into the leaf (Kerstiens and Lendzian, 1989) . Furthermore, the ozone responses were assessed in simulated summer and autumn conditions of central Finland in order to elucidate whether the time of occurrence of ozone episodes can affect the ozone responses. Special emphasis was put on chloroplast ultrastructure because alterations in the chloroplast could lead to changes in carbon assimilation and biomass accumulation. Furthermore, it is well established that chloroplast structure is altered by ozone, usually before other cell organelles (Sutinen et al., 1990; Holopainen et al., 1996) . In addition, the thickness of the cell wall, which is an early target of ozone, was measured (G€ u unthardt-Goerg et al., 1997) . This paper follows a fully quantitative approach using the guidelines of morphometry (Toth, 1982) .
M A T E R I A L S AN D M E T H O D S

Experimental design
Peatland vegetation originating from an oligotrophic fen in Eastern Finland (62 47 0 N, 30 56 0 E) was grown intact within a natural canopy on top of peat monoliths in two separate ozone exposure experiments. There were altogether 40 peat monoliths (diameter 10Á5 cm), ten in each treatment. The moss layer consisted of Sphagnum angustifolium (Russow) C. Jens, Sphagnum papillosum Lindb. and Sphagnum magellanicum Brid. The vascular plants in the study were Eriophorum vaginatum L., Andromeda polifolia L. and Vaccinium oxycoccus L.
Ozone exposure was applied in growth chambers simulating either June (henceforth 'summer experiment', for 5-6 weeks) or September (henceforth 'autumn experiment', for 4 weeks) conditions in central Finland. In the summer experiment the light/dark cycle was 22 h/2 h, air temperature 19 C (day) to 12 C (night) and humidity 52-80 %. In the autumn experiment, the light/dark cycle was 12 h/12 h, air temperature 11 C (day) to 7 C (night) and humidity 71-92 %. Daytime photosynthetic photon flux density of 480-500 mE m À2 s À1 at the level of the plants was provided by two rows of three Osram HQI-T 250W/D lamps, and a middle row of two Osram HQI-T 400W/DH lamps. In both the experiments, there were four treatments corresponding to ozone concentrations of 0, 50, 100 and 150 nL L À1 (ppb) 9 h per day. The AOT40 (accumulated ozone exposure over a threshold of 40 nL L À1 ) indexes for these treatments were 0, 7Á1, 12Á4 and 28Á5 mL L À1 h in the summer experiment, and 0, 2Á5, 13Á8 and 25Á3 mL L À1 h in the autumn experiment. Treatments were rotated between four growth chambers to eliminate chamber effects (for details, see Niemi et al., 2002a) .
Sample preparation for electron microscopy
After 36 and 27 d of exposure in the summer and autumn experiments, respectively, Sphagnum mosses (S. angustifolium, S. papillosum and S. magellanicum), E. vaginatum, V. oxycoccus and A. polifolia were sampled for electron microscopy. Ten samples per species and treatment were randomly taken from all the peat monoliths and pooled for each treatment. Sphagnum samples were taken from the medium-long or outer branches of the capitulum (Flatberg, 2002) . Those of V. oxycoccus and A. polifolia were from the youngest fully expanded leaves, and those of E. vaginatum were pieces cut 3 cm from the apex of leaves that had developed during the same year.
Samples were immediately immersed in 2Á5 % glutaraldehyde fixative in phosphate buffer (0Á1 M, pH 7Á0). In the laboratory, 1-1Á5-mm-long pieces were cut one-third from the tip of the branch/leaf with a razor blade and left in 2Á5 % glutaraldehyde at 4 C over night. The samples were postfixed in 1 % OsO 4 solution at 4 C for 5 h, dehydrated in a graded ethanol series followed by propylene oxide, and finally embedded in LX 122 Epon.
Five samples per species, treatment and experiment (240 samples in total) in which the leaf or branch segment was in a perpendicular position towards the cutting edge were chosen for electron microscopy. Thin sections (40-70 nm) were cut with an Ultracut E (Reichert-Jung), mounted on copper grids and stained with lead citrate and uranylacetate.
Analyses of ultrastructure
Thin sections were studied with a transmission electron microscope (TEM; Jeol JEM-1200 EX, Tokyo, Japan) operating at 80 kV. Three chlorophyllose cells, preferably from different leaf cross-sections and excluding the cells at the edges of the leaves, of each Sphagnum moss branch cross-section were photographed with a digital camera attached to the microscope. Cells of S. angustifolium were photographed at ·20 000 magnification, those of S. magellanicum at ·12 000 or ·15 000, and those of S. papillosum at ·7500 or ·10 000. Of V. oxycoccus and A. polifolia, three digital TEM micrographs at ·15 000 magnification were taken from random cells both in spongy and palisade mesophyll, avoiding cells surrounding vascular bundles. Of E. vaginatum, three digital TEM micrographs at ·15 000 magnification were taken from mesophyll cells close to the stomata. These magnifications were chosen to discern clearly the structure of the chloroplasts, which were the main target organelles in this study.
In Sphagnum mosses, a cross-section of a whole chlorophyllose cell fitted into a micrograph. Numbers of chloroplasts, thickness of the cell wall and areas of the chloroplasts and lipid bodies were measured. The number of plastoglobuli was counted and areas of the plastoglobuli and the starch grains, and the thickness of thickest granum stack were measured in each chloroplast.
In vascular plants, each micrograph showed parts of one or two cells. Thickness of the cell wall (at two or three places) and areas of the two largest chloroplasts were measured. In these two chloroplasts, the number of the plastoglobuli was counted and the areas of the plastoglobuli and starch grains were measured. In addition, the occurrence of lipid bodies in the micrograph was recorded by scoring 0 for absence and 1 for presence of lipid bodies in the cytoplasm. In E. vaginatum and A. polifolia, the total area of the plastoglobuli was measured, and the area of one plastoglobulus was obtained by dividing the total area with the number of plastoglobuli. In V. oxycoccus, only the area of the largest plastoglobulus was measured, because some chloroplasts contained so many plastoglobuli that measuring the total area of the plastoglobuli would have been very laborious.
With E. vaginatum, photographing at a lower magnification and thereby measuring a greater number of chloroplasts was tested to see if it would affect the variables measured. If micrographs at ·7500 magnification were used instead of ·15 000, results were the same but the significance levels were higher. To obtain higher accuracy in the measurements, it was decided to use the greater magnifications (as described above).
All the measurements were done using Adobe Photoshop 5.0 or Adobe Photoshop Elements 2.0 (Adobe Systems, San Jose, CA, USA).
Statistical analyses
All the statistical analyses were run in the SPSS 11.0 package (SPSS Inc., Chicago, IL, USA). To test whether elevated ozone concentrations affected Sphagnum species and whether these differed in response, the data were subjected to multivariate analysis of variance (MANOVA) with ozone treatment and Sphagnum species as factors. The vascular plants were analysed, species separately, for ozone effects and differences in spongy and palisade mesophyll (except E. vaginatum only for ozone effects) using MANOVA. The parameter describing the experiment could not be included in the models because of high heteroscedasticity. Instead, the differences between the summer and autumn experiments were tested using the unequalvariance t-test. Since the MANOVAs yielded significant effects for the combination of the variables, they were followed by univariate analysis of variance (ANOVA) for each measured variable separately. Polynomial contrasts following ANOVAs for each species and tissue separately were used to analyse if measured parameters responded to increasing ozone concentration according to a linear, cubic or quadratic trend (Scheiner, 2001) . Whenever several trends were significant, only the most significant was chosen. In the autumn experiment, the number of E. vaginatum samples was too low for statistical analyses, and therefore this data set was analysed using each TEM micrograph as a replicate, and the results are interpreted with caution.
Before analyses the data were tested for normality and homoscedasticity, and log-or square-root-transformed when necessary. Non-transformed values are presented. Parameters that could not be transformed to meet the assumptions of MANOVA were not included in the analysis but tested separately for ozone effects using non-parametric Jonckheere-Terpstra test (Pirie, 1983) . It tests whether the response variable differs according to a linear trend across the ozone levels.
The occurrence of cytoplasmic lipid bodies in vascular plants was cross-tabulated with ozone treatment levels, and subjected to c 2 test. No significant differences were observed in any species, and therefore the data are not shown.
R E SU L T S Sphagnum mosses
The Sphagnum species that were studied differed significantly in cell anatomies and ozone responses in most parameters. The cell walls of the chlorophyllose cells were thicker in the summer (Table 1 ) than in the autumn experiment (Table 2) for all species (P < 0Á02, t-test). In both the experiments, the cell wall thickness of S. angustifolium was not clearly affected by ozone. In contrast, the cell walls of S. magellanicum got thinner with increasing ozone concentration in the summer experiment (Table 1) and thicker, especially at the 100-ppb ozone level, in the autumn experiment (Table 2 ). In S. papillosum, the cell walls became thinner with the increase in the ozone concentration in the autumn experiment (Table 2 ).
In the summer experiment, cytoplasmic lipid bodies were most abundant in S. papillosum and fewest in S. angustifolium, and unaffected by ozone treatments in all species (Table 1 ). In the autumn experiment, species differed in ozone response (Table 2 ). In S. angustifolium, the relative lipid area tended to increase towards the 100-ppb ozone level and dropped at the 150-ppb level. In S. papillosum, this area decreased linearly with increasing ozone concentration, whereas in S. magellanicum it was lower in all the ozone treatments than at the 0-ppb ozone level.
T A B L E 1. Effects of four ozone concentrations (0, 50, 100 or 150 ppb) on the ultrastructure of the chlorophyllose cells in Sphagnum angustifolium, S. magellanicum and S. papillosum in the summer experiment Cell wall thickness (mm), cytoplasmic lipid area (% of cell), chloroplast area (% of cell, mm 2 ), the number of plastoglobuli per mm 2 chloroplast stroma, and the mean area of a plastoglobulus are shown.
Values are mean 6 s.e., n = 5. Statistical significance levels of univariate analysis of variance (ANOVA) are shown for each parameter. Significant polynomial trends across ozone levels are presented within each species as significance levels * P < 0Á05, ** P < 0Á01, *** P < 0Á001 and as a fit of the significant contrast (linear, cubic or quadratic). In the summer experiment, the cell cross-sectional area occupied by chloroplasts was significantly decreased by elevated ozone concentrations in all species. In S. magellanicum the decrease was linear with increasing ozone concentration (Table 1) . These changes in the proportional area were due to reductions of the chloroplast size, and not affected by the number of chloroplasts per cell because there were no differences between the treatments in this parameter (data not shown). In the autumn experiment, ozone treatments caused no distinct effects on the chloroplast area per cell cross-section (Table 2) or on the number of chloroplasts per cell cross-section (data not shown).
The average area of a chloroplast cross-section was significantly altered by ozone, and the species differed greatly in their responses (Tables 1 and 2 ). In the summer experiment, the chloroplast cross-section of S. angustifolium was smallest at the 50-ppb ozone level (half of the 100-ppb level), whereas in the other two species it was smallest at the 100-ppb ozone level (Table 1 ). In the autumn experiment, the chloroplast size of S. angustifolium was unaffected by ozone. In S. papillosum, the chloroplast size decreased linearly with increasing ozone concentration being, at the 150-ppb ozone level, less than half of the size at the 0-ppb ozone level (Table 2 ). In S. magellanicum, the chloroplast size was 80 % higher at the 100-ppb ozone level and about 20 % lower at the 150-ppb level compared with the 0-and 50-ppb levels ( Table 2 ).
In the autumn experiment, most chloroplasts lacked starch and there were no treatment effects (data not shown; Fig. 1A and C) . In the summer experiment, the relative area of starch per chloroplast cross-section was significantly altered by ozone in S. angustifolium, indicating the least amount of starch at the 100-ppb ozone level and the most at the 150-ppb ozone level (Figs 1B and 2A) . The granum stack thickness decreased significantly by ozone treatments in S. angustifolium and S. papillosum in both the experiments, whereas it was not significantly affected in S. magellanicum ( Fig. 2B and Table 2 ).
The number of plastoglobuli per mm 2 of chloroplast stroma was highest at the 100-ppb ozone level in all the species in the summer experiment (Table 1) and at the 50ppb ozone level in the autumn experiment ( Table 2 ). The average plastoglobulus size was affected by ozone only in S. papillosum under autumn conditions; it decreased significantly across increasing ozone concentrations ( Table 2 ). The relative area of plastoglobuli cover in a chloroplast followed trends observed in the number of plastoglobuli in both the experiments (data not shown).
Vascular plants
Ultrastructure of the vascular plants that were studied differed in some parameters between the summer and autumn experiments. Especially in V. oxycoccus, the cell walls were thicker in the summer experiment than in the autumn experiment (P < 0Á01, t-test). Furthermore, in both the dwarf shrubs chloroplasts were clearly larger and contained more starch in the summer than in the autumn experiment (P < 0Á001, t-test).
Vaccinium oxycoccus. In the summer experiment, the cell walls of the palisade mesophyll were thicker the higher the ozone concentration, whereas in the spongy mesophyll there were no significant trends (Table 3 ). In the autumn experiment, the cell wall thickness was unaffected by ozone treatments (Table 3) .
Ozone altered chloroplast ultrastructure in a similar direction both in the spongy and palisade mesophyll. In the summer experiment, the average chloroplast crosssectional area was highest at the 100-ppb ozone level and slightly lower at the 50-and 150-ppb levels than at the 0-ppb ozone level, while in the autumn experiment it increased linearly across increasing ozone concentrations (Table 3) . Starch covered on average 55 % of a chloroplast cross-section in the summer experiment, and the amount was not significantly affected by ozone (data not shown). In the autumn experiment, starch covered only about 26 % of a chloroplast cross-section, and the relative area of starch showed a non-significant trend of increase due to ozone exposure (data not shown). The number of plastoglobuli was relatively unaffected in the summer experiment, whereas it was increased significantly by ozone in the autumn experiment; it was highest at the 50-ppb or 100ppb ozone level (Table 3 ). The size of the plastoglobuli was altered differently in the summer and autumn experiments. In the summer experiment, the plastoglobuli were nearly three times larger at the 100-ppb ozone level compared with the other treatment levels ( Fig. 1E and F) , whereas in the autumn experiment they were about double the size at the 50-ppb ozone level compared with the 0-ppb ozone level, and smaller at the 100-and 150-ppb levels (Table 3) .
Andromeda polifolia. Cell walls were significantly thicker in the spongy than in the palisade mesophyll, while in other parameters there were no significant differences between the mesophyll tissues. In the summer experiment, the cell walls of the spongy mesophyll got significantly thicker with increasing ozone concentration (Table 4 ). In the palisade mesophyll, they were thickest at the 50-ppb ozone level. In the autumn experiment, the cell walls became thinner towards the 100-ppb ozone level and were approximately equal at 150-ppb and 0-ppb ozone levels both in the spongy and palisade mesophyll ( Table 4 ).
The average chloroplast cross-sectional area and the number of plastoglobuli were not clearly affected by ozone in the summer experiment (Table 4 ). In contrast, both parameters were significantly altered by ozone in the autumn experiment: in the spongy mesophyll, the average chloroplast cross-sectional area increased with ozone concentration until the 100-ppb ozone level and was about the same at the 150-ppb and 0-ppb ozone levels (Table 4 ). However, in the palisade parenchyma the chloroplast crosssectional area was highest at the 50-ppb ozone level, and thereafter it decreased linearly with increasing ozone concentration (Table 4 ). The number of plastoglobuli was highest at the 150-ppb ozone level in both the mesophyll tissues (Table 4 ). Ozone treatments affected the area of starch per chloroplast cross-section in a similar way in both experiments. The relative area of starch was higher at the 50-and 100-ppb ozone levels and lower at the 150-ppb ozone level than at the 0-ppb level in both the mesophyll tissues in the summer experiment and in the palisade mesophyll in the autumn experiment (Table 4 ). The plastoglobulus size was in general increased by ozone exposure. In the summer experiment, there were no statistically significant differences due to high variance in data (Table 4 ). In the autumn experiment, the plastoglobulus size was greater in all the ozone treatments compared with the 0-ppb ozone level in the spongy mesophyll. In the palisade mesophyll, it was largest at the 50-and 100-ppb ozone levels, and equal at the 0-ppb and 150-ppb ozone levels (Table 4 ).
Eriophorum vaginatum. In the summer experiment, ozone treatments had no significant effects on the cell wall thickness of E. vaginatum (data not shown; see Fig. 1D for an example of the cell structure). Cell walls were on average 0Á34 mm thick. The average chloroplast cross-sectional area and the area of starch per chloroplast cross-section were significantly decreased by ozone ( Fig. 3 ). Both parameters had lowest values at the 100-ppb ozone level, about 20 % and 70 % lower than at the 0-ppb level, respectively. The number and size of plastoglobuli were not significantly affected by ozone treatments (data not shown). In the autumn experiment, ozone responses followed similar trends to the summer experiment, except for the cell wall thickness, which increased linearly with increasing ozone concentration (P < 0Á001, analysed using TEM micrograph as a replicate). The responses of all the plant species are summarized in Table 5 .
D I S C U S S I O N
Ozone effects on the ultrastructure of vascular plants
This study shows that exposure to ozone concentrations of 50-150 ppb in a growth chamber changes the ultrastructure of the cells of the dwarf shrubs V. oxycoccus and A. polifolia, and a graminoid E. vaginatum. As in many earlier studies with other plant species (Holopainen et al., 1992; Kivimäenpää et al., 2003) , measurable changes in the chloroplast ultrastructure were observed (Table 5 ).
In V. oxycoccus, the chloroplast size was increased by ozone exposure, whereas in A. polifolia the size was increased when the plants were exposed to 50-100 ppb of ozone and decreased by an exposure to 150 ppb of ozone. Ozone-induced transient increase in chloroplast area has been suggested for Norway spruce (Picea abies) (Sutinen et al., 1998; Kivimäenpää et al., 2003) , although higher ozone concentrations or prolonged exposures more commonly induce shrinkage of chloroplasts (Miyake et al., 1989; Sutinen et al., 1990; Holopainen et al., 1996) . Similar to observations by Kivimäenpää et al. (2003) , the changes in chloroplast size followed changes in the area of starch, and therefore the chloroplast size itself may not be affected by ozone. The transient stimulation of starch formation in response to ozone exposure can indicate impaired translocation of assimilates (Dizengremel, 2001) . This may be typical for the life form of woody evergreen species and/or represent ozone resistance of conifers and other evergreens. These plants may possess high resistance thanks to slow metabolism, low stomatal uptake of gases and effective oxidative defence.
In the graminoid species E. vaginatum, both chloroplast size and the relative area of starch were decreased by ozone, especially at the 100-ppb ozone level, showing a negative ozone impact in the photosynthetic cells close to the stomata. This observation supports the hypothesis that E. vaginatum would be an ozone-sensitive species. However, the limited data on E. vaginatum from the autumn experiment restricts this conclusion.
In the dwarf shrubs, the cell wall increased in thickness under elevated ozone concentrations in the summer experiment, whereas there were no changes or a slight decrease in the autumn experiment. The cell wall is an early target of ozone (G€ u unthardt-Goerg et al., 1997) . In birch and poplar, cell walls have been reported to thicken in response to ozone and this has been associated with an increase in pectinaceous exudates in the cell wall (G€ u unthardt-Goerg et al., 1997) . Thickening of cell walls may be related to avoiding ozone exposure. Thicker cell walls could have more detoxification capacity since the aqueous matrix of the cell wall contains an abundance of compounds scavenging ozone and the reactive oxygen species formed from ozone, including ascorbate, polyamines, glutathione and various enzymes (Long and Naidu, 2002) .
Plastoglobuli, which consist mainly of triacylglycerols, plastohydroquinone and a-tocopherol, and may function as storage pools of thylakoid constituents (Steinm€ u uller and Tevini, 1985; Murphy, 2001) , were markedly affected by ozone. In the dwarf shrub species that were studied, ozone increased the size but not the number of plastoglobuli under summer conditions. Under autumn conditions, both the number and the size increased in response to ozone -although not linearly with the ozone concentration increase. These findings are consistent with many observations on the increase in the number and/or size of the plastoglobuli in response to ozone exposure or to ageing of plant cells (Miyake et al., 1989; Ojanperä et al., 1992; Pääkkönen et al., 1996; G€ u unthardt-Goerg et al., 2000; Britvec et al., 2001; Oksanen et al., 2001) . The finding that the ozone-induced changes in the chloroplast ultrastructure did not always follow a linearly progressive response to increasing ozone exposure is in contrast with some other studies. Ojanperä et al. (1992) reported that the senescence-like symptoms, including smaller size of the chloroplasts and more plastoglobuli, in the flag leaf cells of spring wheat (Triticum aestivum 'Drabant') following an open-top exposure to up to 56 ppb of ozone (7 h seasonal mean), progressed at a faster speed the higher the ozone concentration. Britvec et al. (2001) suggest that low ozone concentrations accelerate senescence in grapevine (Vitis vinifera) leaves, whilst higher concentrations (about 80-100 ppb) or prolonged exposures damage the thylakoid membranes.
Initially ozone damages cells that are located close to the stomata (Leipner et al., 2001) . On the other hand, lightexposed cells have been reported to suffer greater ozone injury than cells exposed to less light (Vollenweider et al., 2003) . In the present work, there were no significant differences in the ultrastructural changes between the spongy mesophyll (close to the stomata) and the palisade mesophyll (exposed to more light) of the dwarf shrubs. This indicates either that the ozone exposure has been severe enough for the oxidative stress to advance from spongy to palisade mesophyll or that light has indeed intensified the ozone effects.
Experimental conditions had a clear effect on the responses to ozone. Ozone effects in the dwarf shrubs were typically more pronounced when the same exposure protocol was conducted under simulated autumn conditions of central Finland (day temperature 11 C, light/dark cycle 12/12 h) instead of summer conditions (day temperature 19 C, light/dark cycle 22/2 h). This finding is well in line with an observation that long-term ozone exposure only at temperatures of 5 C or below leads to significant responses in another shrub Calluna vulgaris (Foot et al., 1996) , and suggests that dwarf shrubs are most sensitive to ozone during cool and humid conditions. In the present study, the absence of ozone-induced thickening of cell walls in the autumn experiment may have led to lower protection against oxidative stress. Indeed, ozone induced more responses in the chloroplast ultrastructure in the autumn conditions. The lack of thickening in cell walls under cooler conditions may have resulted from lowered growth rate since most active shoot growth, at least in A. polifolia, occurs during late May and early June (Lindholm, 1982) . Another explanation for this difference could be that the samples from the autumn experiment were exposed 9 d less to ozone than those from the summer experiment.
Especially in the summer experiment, ultrastructural changes were most apparent at the 100-ppb ozone level. This finding is in agreement with previously published results from the summer experiment; ecosystem gross photosynthesis and ecosystem respiration were lower at the 100-ppb treatment level compared with the 50-ppb or 150-ppb levels (Niemi et al., 2002a) . Eriophorum vaginatum is the dominant vascular plant and controls CO 2 exchange in the ecosystem studied (Rinnan et al., 2003) and thus the observed lower chloroplast and starch areas T A B L E 3. Effects of four ozone concentrations (0, 50, 100 or 150 ppb) on the ultrastructure of spongy and palisade mesophyll of The cell wall thickness (mm), chloroplast area (mm 2 ), number of plastoglobuli per mm 2 chloroplast stroma, and the area of a plastoglobulus are shown.
The values are mean 6 s.e., n = 5. Statistical significance levels of univariate analysis of variance (ANOVA), performed for experiments separately, are shown for each parameter. Significant polynomial trends across ozone levels are presented within each mesophyll tissue as significance levels *P < 0Á05, **P < 0Á01, ***P < 0Á001 and as a fit of the significant contrast (linear, cubic or quadratic). For statistics, see Table 3. in E. vaginatum can impact on the ecosystem processes more than changes in the dwarf shrubs which are a minor component of the plant cover.
Ozone effects on the ultrastructure of Sphagnum mosses
The Sphagnum mosses (S. angustifolium, S. magellanicum and S. papillosum) showed different signs of ozone stress in their cells (Table 5) , some of which support the earlier reported physiological responses from the same experiments (Niemi et al., 2002a) . Transmission electron microscope studies into the ozone responses of mosses are scarce, which limits the discussion.
Lack of starch in the chloroplasts in the autumn experiment suggests little photosynthetic activity. The observed ozone-induced decreases in the area of cytoplasmic lipids of S. magellanicum and S. papillosum under autumn conditions thus indicate that energy stored in the lipids was possibly used to maintain cell functioning during ozone stress. In normal senescence, the amount of total lipids increases in the Sphagnum capitulum during autumn (Karunen and Salin, 1982) .
In the summer experiment, species showed different responses in the amount of starch. Starch accumulated in the chloroplasts of S. angustifolium and S. magellanicum when they were exposed to a concentration of 150 ppb of ozone. In contrast to this, ozone exposure decreased the amount of starch in the S. papillosum chloroplasts. This indicates that the photosynthetic activity of S. papillosum had decreased and that of S. angustifolium and S. magellanicum increased as a result of ozone exposure. Moreover, the granum stack thickness of S. papillosum decreased significantly with increasing ozone concentration.
Despite the differing metabolic states of the Sphagnum mosses between the summer and autumn experiment, ozone effects on the chloroplast ultrastructure were rather similar and comparable to effects observed in higher plants. The chloroplast area and granum stack thickness of the chlorophyllose cells of the Sphagnum mosses in general decreased due to ozone exposure, which are common ozone stress symptoms in higher plants (Miyake et al., 1989; Holopainen et al., 1996) . The number of plastoglobuli increased slightly due to ozone exposure in the autumn experiment, but only in S. angustifolium in the summer experiment, while it followed a cubic response curve in S. papillosum and remained unaffected in S. magellanicum. The plastoglobulus size rather decreased than increased. The alterations in the chloroplast ultrastructure were not accompanied by changes in chlorophyll or carotenoid concentrations (Niemi et al., 2002a) . However, the chloroplast area per cell cross-section correlated with the leakage of magnesium from the tissue of S. angustifolium; leakage of magnesium increased and chloroplast area decreased with increasing ozone concentration (Niemi et al., 2002a) .
The thinning of the cell walls of S. magellanicum in the summer and of S. papillosum in the autumn experiment is in contrast to the more common thickening in response to ozone exposure (G€ u unthardt-Goerg et al., 1997) . Thinner cell walls under ozone exposure may result from a delay in cell wall differentiation. Cell wall measurements are also prone to inaccuracies because the cell wall thickness varies considerably between and within cells.
The Sphagnum species studied showed significantly different ozone responses in the chlorophyllose cells. Sphagnum angustifolium appeared ozone sensitive in both the experiments, whereas S. papillosum showed more significant responses in the autumn experiment. The measured changes in S. magellanicum were not as clear as those of the other two species. The sensitivity of S. angustifolium is in accordance with previous reports on ozone responses of the Sphagnum recurvum complex species (Gagnon and Karnosky, 1992; Potter et al., 1996a, b; Niemi et al., 2002a) . One species of this group, Sphagnum fallax, has also shown irreversible damage in chlorophyllose cells due to prolonged drought in contrast to the more tolerant S. magellanicum and S. capillifolium (Gerdol et al., 1996) , stressing the sensitivity of this group.
The different ozone tolerances may be due to anatomical characteristics of the species; the chlorophyllose cells in S. angustifolium are located close to the convex leaf surface and separated from the atmosphere only with a cell wall of the chlorophyllose cell, whereas those in S. papillosum and S. magellanicum are completely enclosed within the hyaline cells. Thus, the thinner cell wall in S. angustifolium may provide lower detoxification efficiency. However, there is some evidence that air pollution reduces peroxidase and superoxide dismutase activities in Sphagnum mosses in contrast to vascular plants (Lee and Studholme, 1992) , which suggests that enzymatic detoxification may not be important for Sphagnum.
C ON C L US I O N S
This study reports, for the first time, ultrastructural responses of different peatland plant species to a gradient of ozone concentrations. The results were obtained from experiments in a controlled environment, and the changes may not be as pronounced in the field situation. Nevertheless, the observed responses indicate that ozone exposure leads to metabolic changes in the plants studied. In the dwarf shrubs, symptoms that may be related to initial ozone-induced photosynthetic stimulation (larger chloroplasts and more starch) are comparable to responses of conifers, and may indicate ozone tolerance. In contrast, the negative responses of the graminoid E. vaginatum and the Sphagnum mosses suggest that these species may be more sensitive to ozone than the dwarf shrubs.
A C K N O W L E D G E M E N T S
We thank Minna Kivimäenpää, Siegfried Fink and Michael Tausz for valuable comments on this manuscript. Laboratory assistance by Raimo Pesonen and the personnel of the Department of Electron Microscopy at the University of Kuopio are gratefully acknowledged. The research was financially supported by the Academy of Finland (project no. 39465) and the Kone Foundation.
